The composition of bioretention soil media (BSM) is among the most critical design attributes contributing to the water quality performance of bioretention systems, as various amendments may increase the capacity for chemical sorption of certain nutrient pollutants. We investigated the spent lime (a calcium-based water treatment residual) as BSM amendments for nutrient retention. The study was conducted in two parts: the first was a field-based mesocosm experiment in which we assessed the effect of spent lime amendments on leachate nutrient concentration for treatments receiving different levels of phosphorus and nitrogen loading (simulated by different levels of compost added to the substrate). The second was a laboratory study comparing various levels of spent lime and coir on leachate nutrient concentration at two different simulated loading rates. Effluent water was collected and analyzed for PO 4 3− , NH 4 + and NO 3 − concentrations in the field and lab. Spent lime significantly reduced leachate PO 4 3− concentrations (upwards of 50%) in both the field and lab mesocosm studies compared to treatments without spent lime. Reductions in NH 4 + concentrations were also observed due to spent lime but with variable significance across the different compost levels, whereas NO 3 − concentrations were higher in plots with spent lime than plots without spent lime. In the lab, columns with coir had significantly higher leachate PO 4 3− concentrations compared to spent lime-treated columns, however, leachate NH 4 + and NO 3 − concentrations did not significantly differ between treatments at the same compost levels. This study shows that spent lime, which is a waste product, is effective in significantly reducing leachate PO 4 3− concentrations from BSM, while be a cost-effective substitute to engineered proprietary media that is expensive to acquire; however, future studies must also evaluate its potential for clogging.
Introduction
Green stormwater infrastructure (GSI) has become a national stormwater focus and is commonly being implemented in cities as part of their stormwater management strategy [1] . Bioretention, also known as raingardens, is one of the popular forms of GSI that offers promising solutions to control pollutants (of nutrients such as phosphorus (P) and nitrogen (N) that stormwater management community is struggling to address) from urban storm runoff to combat eutrophication and harmful algal blooms (e.g., toxic Cyanobacteria and Microcystis) in the receiving waters. Bioretention comprises porous soil media and vegetation, where runoff is filtered, stored and treated by taking advantage of the different chemical sorption and biological uptake/transformation mechanisms in the soil media [2] . The paradigm has been that these bioretention systems remove P and N from stormwater runoff and act as nutrient "sinks" on the landscape but existing studies have shown that a significant amount of P and N is in fact being leached and exported to the effluent from the soil media used in these systems [3] [4] [5] [6] [7] [8] [9] While implementation of bioretention is happening at a rapid pace, not enough attention is paid to the different design attributes of a bioretention, especially, the soil media composition which plays a critical role in the removal capacity of pollutants.
Though many design attributes contribute to an improved performance of bioretention systems, the composition of bioretention soil media (BSM) is among the most critical. The soil media is a critical design element of a bioretention as it is where the infiltration, chemical sorption and biological reactions occur for pollutant removal. Traditional bioretention media utilizes sand to facilitate infiltration, such that there is a trade-off between infiltration and nutrient retention. While a sand-based media offers hydrological benefits, sand is chemically inactive due to its mineral composition and lower surface area [10] and have limited ability to reduce actual pollutant concentrations and subsequently improve water quality. Additionally, removal of some dissolved nutrients like PO 4 3− and some forms of N (e.g., NH 4 + ) is reliant heavily on chemical sorption mechanisms in the soil media [11, 12] . Sorption reactions can be maximized by amending the BSM with substrates of high adsorptive properties containing calcium (Ca), iron (Fe) and aluminum (Al) ions where P can react with these metal ions on substrate surfaces and precipitate as insoluble compounds [13] . Among the various kinds of waste materials that have been identified with adsorptive properties [14] [15] [16] [17] [18] [19] , water treatment residuals (WTR), rich in Al, Fe or Ca, have received growing attention for its potential use as a bioretention soil amendment for P sorption [20] [21] [22] [23] [24] . However, such studies have focused almost exclusively on WTR that is predominantly Al-based and few have described WTR properties in their study, so less is known about the efficacy of other forms, such as Ca-based WTR (also known as spent lime), in retaining nutrients. Because composition of WTR varies widely across time spans and regions (due to different source water and varying types and doses of treatment chemicals [25, 26] , it is important to evaluate WTR from each source before field application, as results are expected to vary. In this study, we conducted field and laboratory trials to investigate the efficacy of spent lime in retaining dissolved P and N that may otherwise leach from bioretention media. In the field-based mesocosm experiment, we assessed the effect of spent lime amendments on leachate nutrient concentration for treatments receiving different levels of P and N loading (simulated by different levels of compost added to the substrate). The second was a laboratory study comparing various levels of spent lime and coir on nutrient leachate nutrient concentration at two different simulated loading rates. Coir is the fiber derived from the inner shell of the coconut and a waste by-product generated from the coconut industry [27] . We hypothesize that WTR will reduce P concentrations due to its high demonstrated sorption potential [17, 28, 29] but its removal efficiency in terms of the relative mass of dissolved P removed will decrease at higher P loading rates. Effects of spent lime on dissolved N retention is unknown; however, the cation exchange properties of WTR [25] may allow removal of NH 4 + . Therefore, we also evaluated potential benefits for dissolved N retention. On the other hand, a limited number of studies have shown coir to have variable N retention capacities [30, 31] attributed to immobilization of soluble N [32] but more studies are needed for validation (for both N and potentially P retention), where the study designs and associated results must be transferable to GSI applications. This research aims to identify opportunities for future improvement of GSI by providing better understanding of what kind of soil media additives in these systems might improve nutrient retention performance.
Materials and Methods

Experimental Setup for Field Mesocosm Study
We used raised-bed plots for field-simulated experimental BSM at the University of Saint Thomas (UST) Stewardship Garden, Saint Paul, Minnesota, USA. The study examined a combination of eight different soil media treatments (Table 1) , with 4 replicates per treatment, resulting in a total of 32 experimental units (raised-bed plots; Figure 1A ). Because our objective in this study was to measure the efficacy of spent lime in leachate nutrient reduction over a range of loading rates, rather than to realistically simulate GSI per se, we used different levels of manure-based compost in the mesocosms to create different loading rates of dissolved P and N, rather than using actual [4, 5, 9] or synthetic stormwater [11, 33, 34] as has been used in other studies. We have previously documented high levels of P and N leachate from manure-based compost in the context of urban vegetable gardens [35] . While compost is often incorporated in bioretention media [36] [37] [38] [39] and some states recommend compost as an organic matter source in BSM [40] [41] [42] , we note that compost made from animal manure or biosolids is not recommended [43] and sometimes explicitly prohibited for use in bioretention practices [41] . Because in our study design, nutrient loading was generated internally within the mesocosms, we do not assess nutrient retention as the relative difference between external nutrient inputs and outputs, as is commonly done in GSI studies [5, 8, 9] . Instead, we focus our analysis on the difference in leachate nutrient concentration between treatments that contain spent lime and control treatments that do not. Soil media treatments were randomly assigned to each of the 32 plots. Soil treatments included homogenized mixes of compost and sand at different volumetric ratios: 100% compost (compost100), 80% compost: 20% sand (compost80), 40% compost: 60% sand (compost40) and 20% compost: 80% sand (compost20) in the top 17.48 cm (approx. 0.6 ft) layer (Table 1 ). Before we filled the raised-bed plots with the different soil media treatments, all the pre-existing soil from the top 45 cm of the plots were excavated. Half of the plots received spent lime treatment in the bottom 13 cm layer (design method like Shrestha et al., 2018 [9] where a layer of P adsorbing "SorbtiveMedia TM " comprised of fine Al and Fe oxide granules is placed under a sand-based bioretention soil media), while the other half received sand as control. WTR was placed underneath the compost or compost: sand mix layer (and above a pea gravel layer) to capture and retain nutrients from the effluent leachate moving vertically down the soil profile. Where WTR layer was present, a set WTR: sand mix at 60:40 volumetric ratio was utilized (Table 1) . Sand was mixed with WTR to ensure that adequate infiltration rates would be maintained. Manure-based compost (chemical properties in Table 2 ) was purchased from Kern Landscaping in Saint Paul, MN along with the sand. Spent lime was collected from Saint Paul Regional Water Services; this plant generates residuals from a lime-softening process so WTR is predominantly Ca-based (Table 3 ; refer to Section 2.4 for methods). The spent lime was air dried in the sun and mechanically pounded and crushed into powder form (maximum grain size≤ 5 mm) before application. Figure 1A ,B). Plots were constructed of cedar wood and were rectangular with aboveground dimensions 0.4 m wide × 1 m long × 0.3 m deep. Lysimeters were installed in the center of each plots in holes that were 0.3 m deep from the base (bottom layer) of the plots (Figure 2 ). Lysimeters were custom-designed [35] and composed of a 23-cm diameter plastic funnel (0.47 L), secured to a 1 L wide-mouth plastic Nalgene bottle (Figure 2 ). Tygon tubing (inside diameter of 0.3 cm) extended from the base of the Nalgene bottle through the funnel, to 15 cm above the soil media surface for effluent water sampling from the surface directly above it. Rock wool was placed in the funnel around the tubing to avoid entry of any solid particles into the bottle and to ensure that the tubing is secured in place. The funnel headspace was filled with pea gravel (approx. 1 cm diameter) to maintain adequate infiltration of the percolated water from the soil layers to the bottle, while preventing further movement of soil particles into the bottle and contaminating water samples. Lysimeters were buried so that the top of the funnel was level with the base of the plots. While the entire raised-bed plot contained the compost-sand mixture assigned to that treatment, the spent lime treatment was only applied to a 314 cm 2 area directly above the lysimeter. A wire mesh screen (opening size 2 mm) separated the experimental substrate core from surrounding substrate matrix. For plots with spent lime, the mesh screen was filled with 60:40 spent lime: sand mix up to height of 13 cm. The wire mesh helped to keep the "treatment" media (i.e., the spent lime: sand mix or the sand mix in case of control) in place directly over the lysimeter collecting the leachate water and allowed water passage from all sides. The rest of the upper screen (17.48 cm) and sides of the mesh was filled with the compost: sand treatment mix that was assigned to the plot. The area outside the screen was also layered with the respective compost: sand mix up to the height of the screen ( Figure 2) . However, over time the soil surface sunk below the mesh due to compaction of soil surface from rainfall and watering. A freeboard space of approximately 10 to 15 cm existed from soil surface to top of the raised bed.
Each plot was planted with two native herbaceous species recommended by University of Minnesota extension raingarden plant guide [44] on either side of the mesh ( Figure 1B ). The two species were Agastache foeniculum (fragrant hyssop) and Echinacae angustifolia (purple coneflower). Plants were obtained from Gertens (Inner Grove Heights, Minnesota) in 10-cm depth plugs and transplanted on May 24, 2018. Both chosen perennials are pollinator friendly and across the two species, bloom throughout the growing season. Plants were located outside of the experimental substrate core and the mesh prevented roots from entering, so the effects of these plants on leachate results are likely to be negligible.
Plots received ambient rainfall throughout the experiment (56.2 cm over the 153-day study) and supplemental watering (31 cm using tap water) was provided during dry periods. Water was distributed evenly over the plot surface for a constant flow and time (typically 10 or 20 s) to keep input volume constant across the plots (See Supplement Table S1 for details). Dissolved nutrient concentrations in the tap water utilized in the field can be reasonably assumed to be the same as the laboratory experiment (described in Section 2.3) where PO 4 3− and NH 4 + were non-detectable and NO 3 − concentrations were below 0.15 mg L −1 . Plots were maintained throughout the growing season by the hand removal of weeds.
Water Sample Collection, Nutrient Analysis and Load Estimation
Effluent water in each lysimeter was collected approximately weekly from May 30 to October 30, 2018 (n = 15 sampling events), using a 50-mL polypropylene syringe with attached 3-way stopcock. Volume was measured from the syringe as the lysimeter was emptied. A 20-mL subsample was transferred in a plastic scintillation vial for analysis of leachate PO 4 3− , NH Leachate nutrient mass was calculated for all individual sampling events (n = 32) by multiplying nutrient concentration of the subsample of lysimeter water by the total water volume in the lysimeter: nutrient mass (mg) = nutrient concentration (mg L −1 ) × leachate volume (L). Average leachate nutrient mass reduction by spent lime compared to control treatment was calculated based on the following formula: (average leachate mass without spent lime-average leachate mass with spent lime) × 100/average leachate mass without spent lime. If the value is positive, the spent lime treatment is effectively retaining/removing leachate nutrient mass relative to its control counterpart; if the value is negative, it is exporting nutrients.
Laboratory Bioretention Column Study Set-up
In the second experiment, eleven soil columns were established in the laboratory that simulated bioretention filter media designs with various media substrates for effluent testing. The columns were made from PVC and were cylindrical in shape with dimensions 47 cm length × 10 cm inner diameter. The columns were filled with different mixture combinations of compost, sand, spent lime and coir (composition and ratios outlined in Table 4 ). Coir was purchased from the Menards hardware store in Saint Paul (chemical properties in Table 2 ; refer to Section 2.4 for methods). A 4 cm headspace was maintained in all columns, so water does not overflow from the top during rainfall simulation. Spent lime was crushed and sieved through a 2 mm mesh screen. Like in the field study, compost was included in the top of filter media primarily to generate leaching of nutrients to the effluent as part of the experiment design, rather than adding externally. The columns were layered from top to bottom with compost, sand and spent lime or coir respectively in different volumetric ratios outlined in Table 4 . Here, each of the substrate is its own layer, except when spent lime and coir were present in the same column, they were mixed thoroughly in a single layer. The bottom of the columns was covered with a landscape cloth permeable to water for containing the filter media. The landscape cloth was secured tightly using a rubber coupler. Fourteen rainfall simulations (See Supplement Table S2 for details) using tap water were conducted in the span of August 29 to December 4, 2018 after which effluent was collected. A simple technique involving a portable and rechargeable hand shower was used to generate rainfall lasting for 20 s (water overflowed the columns beyond that length) to generate effluent. Since this is comparable to a relatively short intense rainfall event, this could lead to greater nutrient leaching potential from the media in comparison to rainfall events that may be less intense. Columns were left to drain from the bottom for up to several hours. A subsample from the effluent was analyzed for PO 4 3− , NH 4 + and NO 3 − concentrations in the same manner as above. Tap water utilized in the study had no detectable levels of PO 4 3− and NH 4 + , while NO 3 − concentrations were below 0.15 mg L −1 .
Substrate Chemical Analysis
To determine total P and K for compost and coir samples, a 490-510 mg of air-dried and pulverized sample was weighed into a 20 mL high form silica crucible and dry ashed at 485 • C for 10 h. Once cooled to room temperature, the ash was equilibrated with 5 mL of 20% hydrochloric acid for 1 2 hour. 5 mL of deionized water was added, gently swirled and allowed to settle for at least one hour. The supernatant was decanted into 15 mL plastic disposable tubes and concentrations analyzed on Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-OES; iCap 7600 Duo ICP-OES Analyzer, Thermo Scientific™, Waltham, MA). Metal elemental composition of WTR was determined using microwave-assisted digestion procedure where 0.5 g of air dried sample was digested with 10 mL of nitric acid and extracts analyzed on ICP-OES [45, 46] . Total C and N of compost and coir samples were determined by dry combustion where 250-350 mg of air-dried, pulverized sample was weighed into a capsule and combusted at 900 • C in the presence of oxygen within a quartz combustion tube followed by subsequent measurement of CO 2 and N 2 evolution in a CN analyzer (Elementar, Inc. VarioMAX C/N Analyzer, Ronkonkoma, NY) [47] .
Statistical Analysis
For the field study, the mean of replicates was used as the experimental unit. The effects of spent lime and different volumes (or percent) of compost applied and their interaction on leachate nutrient concentrations were analyzed using two-way analysis of variance (ANOVA). One-way ANOVA was carried out to compare leachate nutrient concentrations across increasing volumes of compost for plots with and without spent lime respectively, followed by treatment means comparison using a post-hoc Tukey's honest significant test. A t-test was used to test for significant differences in effluent nutrient concentrations and mass at each compost level with and without WTR. All analysis was done on log-transformed data to meet assumptions of normality.
For the lab experiment, we carried a multiple linear regression model to test the effects of varying percent of compost, spent lime, coir and spent lime: coir mixture on leachate nutrient concentrations. One-way ANOVA followed by a post-hoc Tukey's honest significant test was carried out to test for significant differences among the different WTR and coir treatments. All analysis was done on square root transformed data to meet assumptions of normality in JMP Pro 14 [48] . Statistical significance is indicated by p < 0.05. All results are reported as mean with ±1 standard error (SEM).
Results
Field Experimental Study
Treatment Effects on Leachate Nutrient Concentrations and Mass
The volume of compost in the soil media significantly increased leachate PO 4 3− concentrations (p < 0.0001), whereas the presence of spent lime in the underlying soil media significantly reduced effluent PO 4 3− concentrations (p < 0.0001). The interaction between compost volume and spent lime on Mean ± SEM leachate nutrient concentrations measured for plots with (+) and without (-) WTR (spent lime) at different levels of compost application in field-based mesocosm study. Terms with asterisks denote significant differences between plots with and without WTR at each volume of compost application. A single asterisks (*) is significant at the p < 0.05 level, double asterisks (**) at p < 0.001. Varying letters indicate significant differences among compost volumes within each WTR+ and WTR-plots (p < 0.05).
Leachate volume was variable among replicate plots (Table 5 ) but there were no significant differences among treatments. Spent lime treatments at the three highest P loading rates (compost volume ≥ 40%) exported 93-98% less P compared to control treatments. There was no indication of decreased retention capacity at higher loading rates. There were no differences in NH 4 + or NO 3 − export among treatments (Table 5 ). 
Metal Concentrations with and without WTR
As the effluent samples were pooled into one sample for chemical analysis, the effect of spent lime on effluent leachate metal concentrations could not be statistically tested at each compost level. Averaging across all compost levels, we found that spent lime did not affect heavy metal concentrations of Cu and Mn, reduced Al, Fe and Zn and slightly increased Ni (0.016 in spent lime vs. 0.013 mg L −1 in non-spent lime plots). Heavy metal concentrations of Cd, Cr and Pb (not shown in Figure 4 ) in all treatments irrespective of spent lime were <0.001 mg L −1 . While spent lime also reduced metal cations such as B and Ca, it dramatically increased (9 times) Mg concentrations to the effluent (Figure 4) . However, since metal concentrations changed along the compost gradient, averaging across this gradient might limit the conclusions we can draw. 
Discussion
Both WTR (such as spent lime) and coir are waste substrates and may have the potential to be re-used on land in a sustainable manner for various purposes. Conventionally, WTR is disposed in landfills, while coir is dumped or incinerated. Over the last several decades however, new ways for their re-use have been developed, including using WTR as soil amendments to retain P in land [49] [50] [51] [52] [53] or the use of coir for moisture retention [22] and as plant growth media [27] but more studies with GSI applications are needed to validate water quality performance and trade-offs.
Our results show spent lime to be an effective substrate amendment to BSM for removing dissolved P from leachate, thereby increasing the effluent quality for this pollutant. While leachate P concentration increased significantly with increasing compost levels in the absence of spent lime, leachate P concentrations remained relatively uniformly low across this gradient when spent lime was added to substrate ( Figure 3 ). While we did not directly measure P retention (as the difference between inputs and outputs), the large reduction in leachate P concentration and mass loss between spent lime and control treatments indicates a high capacity for P retention even at high P loading rates.
The WTR utilized in the study (spent lime) is Ca-based due to a lime-softening process used to remove hardness from the water. Most other WTR studies with respect to P-sorption have pre-dominantly studied Al or Fe-WTR [26, 49, 50, 54] , while the use of Ca-WTR in P-retention has not been as widely studied [28] . The mechanism by which Ca-WTR reduces leachate PO 4 3− is via precipitation converting soluble P into insoluble Ca-P compounds, which can be subsequently filtered out of the percolating water [55, 56] . Ca-P, by immobilizing the leachate PO 4 3− , reduces the downward movement of PO 4 3− through the BSM, which was observed in the WTR plots.
A laboratory study conducted by Elliot et al. (2002) [28] compared the ability of Ca-WTR, Al-WTR and Fe-WTR in reducing solubility and leaching from sandy soil amended with biosolids and triple superphosphate. The ability to reduce soluble P was highest for Al-WTR, while Ca-WTR and Fe-WTR were comparable to each other. Unlike Fe-P that is sensitive to redox and re-releases the adsorbed-P under anoxic conditions, Al-P and Ca-P are unaffected by changes in redox conditions and do not re-release the bound P [57] . Being unaffected by redox conditions is beneficial for application in bioretention and other GSI systems, as these systems can often be subjected to flooding during intense storms. On the other hand, calcium phosphate precipitates are weakly bonded and can become susceptible to dissolution at lower pH, particularly below 6 [58, 59] , re-mobilizing P back into solution. Re-mobilization of P may not be likely in bioretention systems because pH of most bioretention soils tend to be somewhere around neutral (pH 6.7-7.8 [9, 60, 61] ), however, care must be taken to avoid pH to be acidic. A study by Kirkkala et al. (2002) [62] evaluated the performance of lime-sand filters containing spent lime or burnt lime on the edge of buffer zones to remove nutrients from agricultural runoff and observed a significant reduction of total and dissolved P in the effluent, whereas nitrogen compounds were variable over six years of monitoring.
While WTR has strong affinity for anionic species with respect to P sorption [29] , WTR is also shown to improve cation exchange capacity (CEC) in soils [16, 22] . In a study by Zhao et al. (2016) [63] , Al-WTR applied to soils at 2%, 5% and 10% enhanced soil CEC by 24%-64%. CEC influences the soil's ability to hold onto essential nutrient cations such as NH 4 + , which can suggest why treatments with WTR may have led to reduction in leachate NH 4 + concentrations, though the reduction was only significant in the compost20 treatment ( Figure 3 ). NH 4 + mass retention of up to 90% was observed due to WTR in the compost80 treatment. On the other hand, spent lime increased NO 3 − concentrations in the leachate effluent in some compost levels by up to 5 times, exhibiting increased leachate concentrations ( Figure 3 , Table 5 [69] [70] [71] . WTR has been used as a heavy metal adsorbent [52] . Brown et al. (2007) [71] applied Al-WTR and composted biosolid mix to contaminated soils at a superfund site and showed reduction in Pd and Zn availability. This along with other published studies show WTR to be composed of a heterogeneous mixture of inorganic elements which may include Al, Fe, Cu, Zn, P, Si, Ca, K, Na, as well as Ni, Mo, Cd, Cr, Pb and sometimes As in low or negligible amounts [51, 53, 54, 72] . WTRs may have potential to benefit soils that are deficient in micronutrients such as Cu, Fe, Mn and Zn [51] , which could potentially be beneficial for bioretention plants. Because we did observe much higher leachate effluent Mg concentrations from the WTR treatments, future studies should also monitor effluent pH and soil pH to ensure plants are not adversely affected. Analysis of plant height in September 14, 2018 showed no significant difference between WTR and no-WTR plots the first year of plant establishment. In addition, future studies should also consider monitoring the potential of clogging of the BSM by the spent lime filter media application for evaluating its long-term performance.
Unlike spent lime, coir was not an effective adsorbent for PO 4 3− . We could not find any published studies where "untreated" coir has been studied for P sorption. Namasivayam and Sangeetha (2004) [73] studied ZnCl 2 -activated coir pith and showed positive results for P adsorption, attributed to ion exchange and sorption mechanisms. Feizi and Jalali (2016) [74] studied sunflower, potato, canola and walnut shell residues as biosorbents to remove P from aqueous solutions and showed maximum sorption of P in the range of 2.8-4.3 mg g −1 . Most studies on coir have explored its potential use as potting media and soil-less substrate for growing plants [75] [76] [77] [78] [79] . Hongpakdee and Ruamrungsri (2015) [75] studied water use efficiencies of potted marigold following coir amendments and showed a reduction in NO 3 − and PO 4 3− leaching in pots amended with coir at 75% by volume.
Other benefits from coir such as increased water holding capacity and increased flowering yield were also observed. More studies are needed to examine the role of coir for nutrient retention, specifically through altering coir volumes in the study design, for example, beyond what was utilized in this study. Due to a slow decomposition and low mineralization nature of coir [30] , exploring coir as BSM amendment to stimulate plant growth and microbial activity may also be beneficial for stormwater quality improvements. Coir may also have the potential to replace compost as the primary source of organic matter (Table 2) in bioretention and other GSI systems but further research is necessary to evaluate the pros and cons of coir utilization not only from a water quality perspective but also plant health and economic viability. Our study was not designed to be a realistic simulation of bioretention systems in terms of the source of nutrients or the volume of water received from runoff events. Instead, this study design specifically focused on determining the effects of spent lime on leachate nutrient concentration across a range of nutrient loading rates. Future studies should test the efficacy of spent lime in field-installed bioretention systems that receive nutrient-laden runoff and quantify nutrient removal efficiencies. While our study is a first step, results from our study suggest spent lime (Ca-WTR) is effective in significantly reducing leachate P concentrations from BSM. However, since field scale bioretention implementations are subjected to varying site hydrologic and environmental conditions, how long the benefits would last will likely also depend on combination of factors such as hydraulic loading ratio, pollutant loading levels, climatic factors like rainfall duration and intensity, seasonality, vegetation, maintenance and inclusion of pre-treatment at the site.
Conclusions
Because the composition of BSM is of utmost importance to water quality performance of GSI infrastructures such as bioretention, we need to have a better understanding of what kind of soil media composition in these systems might improve nutrient retention performance. As sand (or any coarse-textured soil) by itself has poor sorption capacity, a need for modified bioretention media containing substrates with high adsorption properties must be studied to identify opportunities for future improvement of these infrastructures. Results from our study suggest spent lime (Ca-WTR) to be a promising P adsorptive media. Field-applied spent lime also showed good retention capacity for NH 4 + and heavy metal leaching was not a concern, which further validates its application in bioretention and other GSI systems, although there is limitation in generalizing results due to variation among different sources of WTR. On the other hand, coir was not effective in reducing leachate nutrient concentrations in our study. Compared to proprietary engineered media substrates, which can be expensive to acquire, WTR is cost-effective and can be easily acquired from local drinking water treatment plants at no cost. Use of WTR for environmental pollution mitigation is also beneficial from a waste recycling perspective and reduces burdens on landfills.
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